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We report the results of a combined experimental and modeling study of the electrical breakdown of hydrogen
and deuterium in static (DC) and radio-frequency (RF, 13.56 MHz) electric fields. For the simulations of the
breakdown events, simplified models are used and only electrons are traced by Monte Carlo simulation. The
experimental DC Paschen curve of hydrogen is used for the determination of the effective secondary electron
emission coefficient. A very good agreement between the experimental and the calculated RF breakdown
characteristics for hydrogen is found. For deuterium, on the other hand, presently available cross section sets
do not allow a reproduction of RF breakdown characteristics.
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I. INTRODUCTION
Electrical breakdown in gases – when the medium
changes from an insulating phase to a conducting phase
– is a central effect in both gas discharge physics and
electrical insulation.1 The physical processes and effects
involved in this complex phenomenon vary to a consider-
able extent with the conditions, like the type and the na-
ture of the gas, the gas pressure, the range of applied volt-
age (electric field) and frequency, as well as the shapes
and the separation of the electrodes. The key processes
in all cases are the ones directly, or indirectly responsi-
ble for the creation of charged particles: breakdown oc-
curs when the creation of charged particles exceeds their
losses.
The minimum DC breakdown voltage between plane-
parallel electrodes is typically in the domain of a few hun-
dred Volts, and is found at pressure × electrode separa-
tion products in the (pL)∗ ∼1 Torr cm range. The most
famous law in the physics of gas breakdown, the Paschen
law, states that the breakdown voltage (VB) depends ex-
clusively on the parameter pL. This law originates from
the similarity of the motion of charged particles in set-
tings characterized by the same value of pL. At pL values
both higher and lower than (pL)∗ the breakdown voltage
increases. At high pL values this increase can mainly be
attributed to the preference of excitation processes over
ionization processes, while at low pL values a higher elec-
tron energy is required to create a sufficient number of
ions (and other “active” species) in the less frequent col-
lisions at lower gas number densities. (We note that the
principal scaling parameter is the gas number density ×
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electrode separation product, nL, but it is rather conve-
nient to use the pL product instead, which is justified at
a fixed temperature that links n and p). Deviations from
the Paschen law have recently attracted considerable in-
terest, in settings where field emission of the electrons
from the electrodes play a role, e.g. in micro gaps.2,3
While the processes involved in DC gas breakdown are
quite well understood, thanks to a large number of ex-
perimental and theoretical studies for different gases and
conditions4–6,24, the scenarios appearing under radio fre-
quency (RF) fields are still to be analyzed. An important
aspect of RF fields is that for certain conditions charge re-
production can be achieved exclusively in the gas phase,
unlike in DC discharges, where surface processes are al-
ways involved. This occurs when the electron oscillation
amplitude in the RF field is smaller than the electrode
gap. When the oscillation amplitude and the gap size
become comparable (at low pressure and/or lower fre-
quency), surface processes start playing a role, too, in
RF fields. The changing importance of surface processes
results in a particular shape of the RF breakdown curves,
the characteristic features of which (e.g. turning points,
in more details see later) have been addressed in several
previous works.8–10
Electrical breakdown and discharges in hydrogen have
been subjects of intense research due to the wide usage
of this gas in a various technological processes: thin-film
deposition, etching, cleaning, etc.11,12 The breakdown in
hydrogen has been previously studied both for DC1,13,14
and RF fields.15–17 The results obtained for RF fields are
not consistent, perhaps due to the different experimen-
tal methods and conditions of these previous works. The
need for solving this issue calls for well-defined measure-
ments and accompanying simulation studies. Our aim
here is to carry out such a study of the breakdown in
hydrogen, that combines experimental and kinetic sim-
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use the same experimental setup and follow the same
procedures that we have reported in a previous study on
synthetic air.18 In our present work we also consider deu-
terium as working gas, to explore isotope effects on the
breakdown characteristics. We note that for this gas, our
literature search resulted only in DC breakdown data19
and we have not found any experimental results for RF
fields.
The paper is organized in the following way. Section
II describes the experimental setup and Section III out-
lines the simulation techniques. In section IV we present
and discuss the experimental and numerical results, while
Section V gives a short summary of the work.
II. EXPERIMENTAL
FIG. 1. Schematic of the breakdown cell and the vacuum
system
The scheme of the experimental set-up is shown in fig-
ure 1. The geometrically symmetric discharge cell con-
sists of two stainless steel electrodes (diameter: D = 7.5
cm), which are placed inside a glass cylinder at a distance
of L = 1.0 cm from each other. The cell is connected to a
vacuum and gas filling system using 6 mm inner diameter
glass tubes (of length ∼35 cm). The use metallic parts
near the cell is avoided in order to minimize stray capac-
itances that could introduce an asymmetry and, thus,
influence the measurements when RF excitation is used.
Prior to the measurements, the cell is pumped down to
< 10−6 Torr by a turbomolecular pump. We use 5.0 pu-
rity hydrogen and deuterium gases (impurities according
to the specification: H2O and/or D2O ≤ 3 ppm, O2 ≤
2 ppm, CnHm ≤ 0.5 ppm, N2 ≤ 5 ppm, isotopic enrich-
ment of D2 gas> 99.75 atom %) at a slow flow (2-6 sccm),
regulated by a flow controller. For further purification of
the gases a cryogenic trap (filled with liquid nitrogen) is
used. Before starting the breakdown measurements, the
electrode surfaces are cleaned by running (∼8 mA) DC
discharges with both polarities for about 10 minutes. To
check the cleanliness of the cell, the emission spectrum of
the (cleaning) DC discharge is monitored in a wide spec-
tral range (250-800 nm). During the measurements the
temperature of the cell is kept at ambient temperature,
T ≈ 300 K.
For the DC measurements the high voltage is estab-
lished by a PS325 (Stanford Research Systems) power
supply, interfaced with a computer via GPIB. In the DC
case two methods are applied for the determination of the
breakdown voltage. In the “voltage ramp” (VR) method
the voltage applied to the cell is slowly increased (at a
rate of 0.5–1.5 V s−1) until breakdown of the gas occurs.
The rate of the voltage rise has to be low to avoid a sys-
tematic error that occurs due to the statistical nature of
the breakdown event. The rate quoted above was found
to be “low enough” to result in data that are reproducible
within a few Volts. In an alternative approach the break-
down voltage is associated with the maintenance voltage
of the self-sustained Townsend discharge in the limit of
vanishing current.26 For these measurements a Townsend
discharge is established by connecting the DC power sup-
ply via a high resistance (106.5 MΩ) to the cell. The
voltage-current characteristics of the cell are recorded in
the I ∼ µA domain and the limit of the V (I) curve at
I → 0 is identified as the breakdown voltage. In the fol-
lowing, this method is quoted as the “low current limit”
(LCL) method.
For the radiofrequency measurements (f = 13.56
MHz) we use a “home-made” high-voltage push-pull
oscillator27,28 based on a pair of 6146B tetrodes, which
drive the electrodes with potentials U1 = U0 sin(2pift)
and U2 = −U0 sin(2pift), respectively. When the break-
down event occurs, the breakdown voltage is defined as
the peak value of the difference of these two potentials,
VBR = 2U0. The actual voltage on the cell is measured by
two voltage divider probes (Agilent 10076B), connected
to two inputs of a digitizing oscilloscope (PicoScope
6403B). The measurements are computer-controlled by
LabView software. The (DC or RF) breakdown events
are recognized by several methods, by detecting: (a) light
emission of the plasma that forms after breakdown (using
a broad band photodiode (58262 Edmund Optics)); (b)
a change of the frequency of the high voltage oscillator
(or sudden drop of the voltage amplitude) due a change
of the impedance of the cell; (c) an increase of the power
consumption of the RF oscillator. The experimental set-
up and the measurement methods have been described
in full details by Korolov et al.18
III. SIMULATIONS
For the major part of the conditions covered here, the
motion of the charged particles, especially that of the
electrons, is highly non-local29, thus a kinetic approach
has to be adopted for the description of the motion and
collision processes of relevant particles. The Monte Carlo
type simulation of the particles is a logical choice for this
purpose. We attempt to build simplified models, which
capture the most relevant processes, while neglect effects
Breakdown in hydrogen and deuterium 3
that are of secondary importance. The peculiarities of
the models for the DC and RF cases are discussed below.
A. DC mode
In a DC discharge (and in DC breakdown) the major
mechanisms that ensure charge reproduction are ioniza-
tion and excitation processes in the gas phase and sub-
sequent surface processes in which different species, like
ions, photons, metastable atoms, and fast atoms induce
the emission of secondary electrons.4 For DC conditions
surface processes play a critical role and cannot be ne-
glected. It is noted that while the cross sections and rates
of the gas phase processes are quite well known for a wide
variety of gases, the roles of the different species in surface
processes, at varying conditions (pressure, electric field,
actual surface conditions), are largely unknown, except
for certain gas-metal combinations, e.g., Ar-Cu.4.
Whenever the determination of the contributions of the
different “active” species to the secondary electron emis-
sion is unrealistic, the effective secondary electron yield,
γ∗ may serve as a useful quantity; it is defined as a ra-
tio of the electron current to ion current at the cathode
and besides that of the positive ions it accounts implic-
itly for the contributions of the other species (fast atoms,
photons, metastables) to secondary electron emission, as
well. γ∗ is known to vary considerably with actual dis-
charge and surface conditions.20–25
Due to the complexity of processes in H2 and D2 dis-
charges we do not attempt to calculate the effective elec-
tron emission coefficient, but chose the way to deter-
mine it, as a function of E/p, from the measured DC
Paschen curve. In our simulation code only electrons
are traced using Monte-Carlo technique30–33, which pro-
vides a fully kinetic description under the conditions of
non-local transport. We trace electrons emitted from the
cathode and the additional electrons created in ionization
events along their path to the anode. The cross section
used for e− – H2 and e
− – D2 collisions are taken from
Phelps34 and Biagi (LxCat)35, respectively. (We note
that we were not able to find any alternative, complete
cross section set for D2.)
We include in the simulations the reflection of elec-
trons from the electrode surface with a probability ρ.
The initial number of electrons emitted from the cath-
ode is set to N0 = 5 × 10
3. Some of these electrons are
backscattered to the cathode and are absorbed there,4
but for most conditions their majority creates electron
avalanches. During the simulations of these avalanches
we count the total number of ions created, N+. We as-
sume that all these ions reach the cathode due to their
directed motion (caused by the electric field). The con-
dition of the exact reproduction of charges that is indeed
the breakdown condition, is ensured if these ions induce
the emission of the same number of electrons, i.e. N0,
from the cathode. Consequently, the effective secondary
yield is defined as
γ∗ = N0/N+. (1)
To obtain the effective secondary electron yield, γ∗, as a
function of E/p, the simulations are executed for the ex-
perimentally measured values of breakdown voltage and
pressure, along the Paschen curve.
B. RF mode
In contrast to the DC case, in the RF simulations the
time dependent evolution of the electron density is fol-
lowed. In order to greatly reduce the computational time
only electrons are traced in this case, too. This simpli-
fication is justified by the fact that in the RF field the
motion of ions, due to their high mass, is only slightly
influenced by the time-dependent electric field, their mo-
tion can be approximated as diffusive. Considering only
the lowest order diffusion mode in the cylindrical geome-
try of the cell, the fraction of ions, fi, that reaches either
of the electrodes can be estimated in a straightforward
manner:18
fi =
(
pi
L
)2
(
pi
L
)2
+
(
2.405
R
)2 , (2)
where R is the electrode radius. Charge reproduction at
the surfaces, without tracing the ions, is modeled in the
following way during the course of the simulation: when-
ever an ion is created at any position inside the gap, a
new electron is emitted from one of the electrodes (cho-
sen randomly) with a probability γ∗fi within the next
RF cycle, at a random time.
At the initialization of the simulations at a given set of
conditions, we seed 5× 103 electrons in the centre of the
electrode gap. The simulation time is set to 500 RF cycles
and the number of electrons in continuously monitored.
The time-dependent electron density during the last 250
cycles is then fitted by a straight line. The slope of this
line conveys information about the efficiency of charge
reproduction processes: when the charge reproduction
is not sufficient, the number of electrons will decrease
in the simulation. An opposite behavior is found when
charge production exceeds the surface losses. Separate
simulations are carried out with slightly increased voltage
amplitudes, and the breakdown event is recognized when
the slope of the line is near zero. This algorithm closely
resembles the VR (voltage-ramp) experimental approach.
IV. RESULTS
We discuss the experimental and simulation results for
the DC and RF cases, respectively, in Sections IV.A and
IV.B.
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A. DC mode
Figure 1 displays the experimental data obtained in
DC mode, in comparison with data obtained in ear-
lier works.1,13,14,17 For H2 we applied two approaches in
the measurements of the breakdown curve: the “voltage
ramp” (VR) method and the “low current limit” (LCL)
method. The data obtained by these methods show a
high degree of consistency. It can be clearly seen that
the right (high-pressure) part of the curve is also in good
agreement with results of previous works. Usage of differ-
ent electrode materials and their cleanliness can explain
the deviations observed in the position of the Paschen
minimum, the value of the minimum breakdown voltage,
and the behavior of the left (low-pressure) part of the
Paschen curve. The present measurement gives a loca-
tion of the Paschen minimum at (pL)∗ = 1.2 Torr cm with
VBR,min = 290 V, which fits well that obtained by Carr
13
for brass electrodes. The largest deviation is found with
the data for nickel electrodes1, which may be attributed
to different surface conditions.
The Paschen curve for D2 fits well the Paschen curve of
H2 at high pressures. The Paschen minimum is slightly
shifted towards higher pL, the minimum breakdown volt-
age is ≈ 25V higher, and at low pL we find a significantly
higher DC breakdown voltage for D2, compared to the
corresponding values for H2. The data fit reasonably
well the previous experimental dataset for D2.
19
The effective secondary electron yield for H2, derived
from the measured Paschen curve is shown in figure 3 as
a function of E/p. γ∗ is found to increase significantly
towards high E/p values. The present data are quite
different from those obtained by Klas et al.2 for molyb-
denum electrodes and small, L < 100µm, gaps. The de-
viation can be explained by dependence of the effective
yield on the electrode material and on the gap size as at
high E/p, e.g., field emission from the cathode cannot be
neglected. (We have also computed the effective electron
yield values from the D2 Paschen curve, however we can-
not consider these data to be reliable due to problems
encountered in the simulations of the RF case, see the
discussion below.)
B. RF mode
The measured RF breakdown curve of hydrogen gas
(at f = 13.56 MHz) together with our simulation results
is shown in figure 4(a). The breakdown curve exhibits
a particular shape. Starting from high pL values, the
breakdown voltage amplitude decreases towards lower
pL values. The minimum breakdown voltage is found
at pL ∼= 3 Torr cm (point “A” in figure 4(a)). Going
further along the curve, we find a turning point (point
“B” in figure 4(a)) beyond which we experience a sudden
increase of the breakdown voltage and find another turn-
ing point (point “C” in figure 4(a)) at pL ∼= 3 Torr cm
and VBR ∼= 350 V, beyond which VBR increases smoothly
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FIG. 2. Breakdown voltages of H2 and D2 obtained in the
experiments in DC mode (VR: voltage ramp and LCL: low
current limit method). Paschen curves obtained in previ-
ous studies1,13,14,17,19 for different electrode materials are also
plotted.
when pL is further decreased. For the recording of most
of the data points we use the voltage ramp (VR) method
as described above, where the RF voltage amplitude is
increased in small steps. For the conditions, where the
breakdown curve becomes multivalued at fixed pressures
we use the “gas filling” method, in which a constant RF
voltage is applied to the cell and the gas pressure is slowly
increased until the breakdown event occurs.15,18
This particular shape of the RF breakdown curve can
be explained in the following way:8–10 (i) at high pres-
sures the amplitude of electron oscillations is smaller than
the gap size and, therefore, the surface processes (prop-
erties of the electrodes) do not play a role. This behav-
ior of the electrons is clearly confirmed in figure 5 that
depicts the spatio-temporal distribution of the electron
density during 10 RF cycles. (The left/right asymmetry
of the plot originates from the fact that at the beginning
of the simulation the electrons are seeded in the centre of
the gap and are first driven to the right electrode during
the first half of the RF cycle.) For a precise description
of this mode only gas-phase processes have to be taken
into account. This part of the curve is characterized by
a breakdown voltage amplitude that decreases towards
lower values of the pL product. (ii) At lower pressures,
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FIG. 3. Effective electron yield, γ∗, as a function of E/p,
derived from the measured DC Paschen curve of H2. For
comparison we also show the data obtained for small gaps
and molybdenum cathode, by Klas et al.2,3
when the amplitude of the oscillations becomes compara-
ble with the gap length, electrons can reach the surfaces
where their major part gets absorbed and only their small
fraction is reflected back and creates avalanches towards
the opposite electrode (see fig. 6). The bending point
“C” (see figure 4(a)) at pL ∼= 3 Torr and VBR = 350 V
corresponds to a situation where electron emission from
the electrodes becomes important.
In accordance with the above explanations, simulations
that completely neglect surface effects (both secondary
electron emission and electron reflection) are able to re-
produce remarkably well a part of the breakdown curve,
which starts at high pL and ends at point “C” (see the
grey curve in figure 4(a)). This is the domain where the
electron oscillation amplitude is smaller than the gap size,
as explained above. However, the part of the breakdown
curve beyond point “C” can only be reproduced by con-
sidering surface processes. As the the motion of ions in
the RF field can be approximated as diffusive (as already
mentioned above), the effective secondary yield γ∗(E/p)
at E/p → 0 is expected to be applicable to account for
surface “creation” of charges. The simulation results,
obtained with an effective secondary electron emission
yield of γ∗= 0.008 (see figure 3) and adopting an elec-
tron reflection coefficient36 of ρ = 0.2 indeed reproduce
the measured curve quantitatively well and confirm the
existence of all the features mentioned above. This degree
of agreement verifies that the model successfully captures
the important physical processes, despite of the simplifi-
cations that were discussed in the previous section.
Figure 4(b) presents a comparison of the breakdown
characteristics obtained in previous experimental studies
of Githens17, as well as of Lisovskiy and Yegorenkov15
with the present experimental data and simulation re-
sults for conditions of these previous studies. Githens17
reported data at a frequency f = 11 MHz and an elec-
trode separation of L = 1 cm. These experimental data
are close to our results, except that the different fre-
quency results in a horizontal shift of the curve: at lower
frequency the electron oscillation amplitude is higher at
otherwise same conditions, therefore the bending point
“B” moves to higher pL at lower f . Our simulation re-
sults for f = 11 MHz clearly reproduce the breakdown
curve from high pL up to this turning point. There is a
deviation, however, in the location of turning point “C”,
which can be explained by the different electrode mate-
rial in the experiment (brass), and by the possible onset
of ion dynamics at this lower frequency (an effect that is
not included in the simulation model).
The other experimental data set, by Lisovskiy and
Yegorenkov15 corresponds to f = 13.56 MHz and L = 2
cm. The electrode material in this experiment was stain-
less steel, as in our work. There is a significant discrep-
ancy between this data set and the present data, a factor
of 1.8 is found (71 V vs. 125 V) between the minimum
breakdown voltage values. Our simulations are not able
to reproduce these experimental data.15 The deviations
observed at high pL values (where charge reproduction
proceeds in the gas phase at small electron oscillation am-
plitudes) indicate some systematic error or by presence
some impurities in these measurements.
The breakdown characteristic for deuterium is pre-
sented in Fig. 7. The main observation is that the RF
breakdown curve very nearly fits that of hydrogen. How-
ever, the simulations, with the e−+D2 cross section set
35
adopted, do not reproduce well the measured data. The
deviation between these data makes this cross section set
questionable and this is also the reason that we did not
proceed with the determination of the effective secondary
electron emission yield from the measured DC Paschen
curve for D2. Also, this is why the same γ
∗ is used here
in the RF simulation, as in the case of H2. The simulated
curve obtained for deuterium shows quite a large devia-
tion from the measured one (see Fig. 7), at the region,
where the surface processes do not play role. Therefore,
the deviation can be explained by the fact that the set of
the cross sections used in this simulations for deuterium
is not complete, or incorrect, and has to be revised.
V. CONCLUSIONS
We have carried out a combined experimental and ki-
netic simulation study of the breakdown in hydrogen and
deuterium gases under DC and RF (13.56 MHz) excita-
tion. The experiments have been performed for pressures
up to 30 Torr, at L = 1 cm gap length, using a glass cell,
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FIG. 4. (a) Present experimental and simulation results for
RF breakdown voltage in hydrogen. “A”, “B”, and “C” are
characteristic points of the breakdown curve, see text. (The
DC Paschen curve, plotted with a dashed line is shown for
comparison.) (b) Previous experimental results obtained by
Githens17 (at f = 11 MHz and L = 1 cm) and Lisovskiy and
Yegorenkov15 (f = 13.56 MHz and L = 2 cm), as well as
present experimental data and simulation results for condi-
tions of previous studies.
FIG. 5. Spatio-temporal distribution of the electron density
(given in arbitrary units) during 10 RF cycles (recorded from
10th RF cycle after starting the simulations) in hydrogen, at
25 Torr, 460 V. The color scale is given in arbitrary units.
with plane parallel stainless steel electrodes. Simulation
models for DC and RF conditions have been developed
that trace electrons at the kinetic level. Using the model
of the DC case, the effective electron emission coefficient
for H2 was derived from the measured Paschen curve.
Despite the simplifications used in the model, the simu-
lations showed that the whole RF breakdown curve for
hydrogen can be quite accurately reproduced adopting
a constant effective electron yield γ∗ = 0.008. In case
of deuterium, the deviation of the simulated breakdown
curve at low pressures shows that the cross section set
for e−-D2 collisions
35 should be carefully revisited.
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